ABSTRACT
Introduction

42
Biological nitrogen removal from NH 4 + -rich wastewater (i.e., low C/N ratios) can be 43 efficiently and economically performed using anaerobic ammonium oxidation (anammox) (van 44 Dongen et al., 2001; Morales et al., 2016) . Anammox is a biologically mediated process with the 45 following stoichiometry (Strous et al., 1998) A control reactor, which was fed with a synthetic wastewater (reactor-SW), and a 99 diluted-digester-liquid-fed reactor (reactor-DL), were operated in parallel at 37 °C as shown in 
Batch experiments 122
Batch experiments were performed to measure the anammox activity and the growth amplified using a bacteria-specific primer set, EUB338f-univ1390r (Kindaichi et al., 2011 . A
180
clone library was constructed using previously described methods (Cao et al., 2015 removal efficiencies from the first day of reactor operation for both reactors ( Fig. 2A and 2B ).
193
The average stoichiometric ratios of consumed NO 2 − to consumed NH 4 were 75 ± 4% and 99 ± 1%, respectively, and the nitrogen removal rate was 9.0 ± 0.7 g-N L −1 220 day −1 (Fig. 2B ), but the average DOC and E 260 were about six and three times higher, 221 respectively, than those in Phase 1 ( 
237
The average DOC concentration in the synthetic wastewater fed to reactor-SW was 6.5 238 ± 1.2 mg-C L −1 (Fig. 2C and concentrations in the influent and effluent were similar during Phase 2 for reactor-DL (Fig. 2D) 
Spatial distributions of bacteria and their activities in anammox granules
273
The in situ spatial distributions of anammox bacteria and non-anammox bacteria (i.e.,
274
coexisting bacteria) in SW-and DL-granules after 145 days of operation were directly visualized 275 by FISH using anammox-specific and general bacterial probes ( Fig. 4A and 4B ). As previously 276 reported, both types of granule consisted of biomass that was densely packed with interstitial 277 voids (Kindaichi et al., 2007; Tsushima et al., 2007) . Cells hybridized with the Amx820 probe 278 (i.e., anammox bacteria) were distributed throughout the SW-granules (Fig. 4A) . In contrast,
279
anammox bacteria were only present inside the granules, and non-anammox bacteria (coexisting 280 bacteria) covered the outer 100 μm layers of the DL-granules (Fig. 4B) . The relative abundances 281 of anammox bacteria in the SW-and DL-granules were approximately 98% and 59%,
282
respectively. These results clearly show that the SW-and DL-granules have different structures.
283
Microsensor measurements showed that NH 4 + consumption (i.e., anammox) occurred 284 throughout the SW-granules (Fig. 5A ) and anammox rates were higher in the SW-granule outer 285 layers, probably because of the higher concentrations of substrates there (Fig. 5B) . Similar trends 286 have been observed in anammox granular biomass (Rathnayake et al., 2013; Lv et al., 2016) and 287 anammox biofilms (Kindaichi et al., 2007) . The anammox rates in the DL-granules were lower 288 than those in the SW-granules, especially at the surfaces; this can be attributed to a lower density 289 of anammox bacteria (Fig. 4B) . The lower anammox rates during Phase 4 for reactor-DL could 290 therefore be explained by a decrease in the specific anammox rate resulting from a decrease in the anammox bacterial density. The retention of a higher density of anammox bacteria in the 292 granule outer layers is necessary for preserving anammox activity. library-DL was significantly lower, and thus the population of coexisting bacteria was higher,
306
indicating that the population of anammox bacteria decreased as a result of feeding digester 307 liquid to reactor-DL.
308
The most frequently detected OTUs in both reactors were SW-a1 and DL-a2, affiliated in Proteobacteria, DL-a10 and DL-d10 in Bacteroidetes/Chlorobi, and DL-a1 in Chloroflexi.
314
The OTUs SW-c12 and DL-a6 were closely related to the uncultured bacterial clone liquid was fed to anammox reactors, the NH 4 + and NO 2 − removal efficiencies decreased by up to relatively low. The NH 4 + consumption rate at the surfaces of DL-granules was lower than that 345 for the SW-granules. Our observations support hypothesis (ii) (see section 1), i.e., when a 346 digester liquid is fed to an anammox reactor, the outer layers of the granules are covered with EUB338mix probes and TRITC-labeled probe Amx820 was used for in situ hybridizations.
515
Anammox bacterial cells are yellow and non-anammox bacteria (coexisting bacteria) are green.
516
Bars represent 100 µm. joining, maximum parsimony, and maximum likelihood methods, with 1000 replicates).
530
Accession numbers of OTUs obtained in this study and sequences from public data are also 531 indicated. Phylum-level designations (dotted line) are bracketed on right. Thermotoga spp.
532
sequence served as outgroup for rooting tree. Table 1 1 Operating conditions and characteristics of diluted digester liquids in each operational phase. 
